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SUMMARY 


The radio frequency characteristics and design parameters for microstrip 
disk antenna elements and planar arrays are presented. Two C-band model arrays 
(an 8-element linear and an 8 by 8 planar) were designed, fabricated, and tested 
to demonstrate the technique of using microstrip elements for array applications 
These arrays were designed with a cosine amplitude distribution. The effects of 
a thermal protective cover upon the electrical performance of microstrip anten- 
nas were not considered in this paper. 


INTRODUCTION 

Microstrip array design techniques are well suited for applications where 
a physically thin, conformal, rugged, and inexpensive antenna is required. (See 
refs. 1 to 6.) Although microstrip elements are relatively narrow band devices, 
these antennas will exhibit sufficient bandwidth characteristics for many aero- 
space applications. 

The microstrip antenna is basically a printed circuit element which is sup- 
ported parallel to a ground plane by a dielectric material, as shown in figure 1. 
The structure may be fabricated from standard printed circuit double-clad lami- 
nates. The metal on one side of the laminate is the ground plane, and the copper 
on the other side is etched away to leave the microstrip element. The size and 
shape (square, rectangular, circular, etc.) of the microstrip element will pro- 
duce different electrical characteristics. The actual geometry of the microstrip 
element may, therefore, depend upon the specific application. The basic objec- 
tive of this paper is to present detailed design information for the circular 
element. 


SYMBOLS 


a 


^e 

c 

D(e,(j>) 


D( 9ni»4>m) 


d 

dx 


radius of microstrip disk or circular aperture 
effective disk radius at resonance 
speed of light in vacuum 
antenna directivity 

antenna directivity in direction of beam peak 
thickness of dielectric substrate 
spacing between adjacent rows of array 



d 


y 


E 


EidA) 


Ee 

Ec^ 

f(9,4)) 


fo 

fr 


g(9,4)) 


Smn ( 9 , (J) ) 
H 

[I] 

Jl( ) 

Jl’( ) 


spacing between adjacent columns of array 
electric field intensity 
radiation pattern of array 
9-component of element pattern 
(t)-component of element pattern 
array factor 

microstrip disk resonant frequency (first-order approximation) 

microstrip disk resonant frequency 

antenna gain in direction of beam peak 

radiation pattern of isolated element 

radiation pattern of element (m,n) in array 

magnetic field intensity 

I 

identity matrix 

Bessel function of first kind of order one 
derivative of J-|( ) with respect to argument 


= \R 


M 

m 

N 

n 

P 

q 

r,9,(j) 

[S] 

^mn,pq 


free space propagation constant, 2 ttA 
number of rows of elements in array 
refers to mth row of array 
number of columns of elements in array 
refers to nth column of array 
refers to pth row of array 
refers to qth column of array 
spherical coordinates 
complex scattering matrix 

complex coupling coefficient between elements (m,n) and (p,q) 
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[V-] 

[V-] 


mn 

,+ 

mn 

,+ 

pq 


’mn 

Vi 

V2 

V 

x,y,z 

^nm 

Xn1 

M 

M 

[z] 

Znm(9>4>) 

•^mn 

^mn ( ® I ) 

n 

®a 

9b 

9 HP 
9m> ^m 
9s>4>s 
9vi 


matrix of complex incident voltages 

matrix of complex reflected voltages 

total complex excitation voltage of element (m,n) 

complex incident voltage of element (m,n) 

complex incident voltage of element (p,q) 

complex reflected voltage of element (m,n) 

output voltage at port 1 of hybrid 

output voltage at port 2 of hybrid 

velocity of propagation 

Cartesian coordinates 

mth zero of derivative of Bessel function of first kind and order n 
first zero of derivative of Bessel function of first kind and order 
complex admittance matrix 

diagonal matrix of waveguide characteristic admittances 
complex impedance matrix 
active impedance of array element (m,n) 
excitation phase of element (m,n) 

active reflection coefficient of array element (m,n) 

dielectric constant 

efficiency 

phase shift in arm 4 of hybrid 
phase shift in arm 3 of hybrid 
half-power beamwidth 
angular direction of maximum radiation 
angular direction of beam scan 
output phase at port 1 of hybrid 



0y2 output phase at port 2 of hybrid 

X free space wavelength 

Xg. wavelength in dielectric substrate, 

vjjjj incremental excitation phase between adjacent rows of array 

incremental excitation phase between adjacent columns of array 
Abbreviations: 

dBi decibels relative to an isotropic radiator 

RF radio frequency 

SMA military type specification for a connector 

TE-|i transverse electric mode 

TMq lowest order transverse magnetic surface wave mode 

TM-| 1 transverse magnetic mode 

VSWR voltage standing wave ratio 


THEORY AND DESIGN OF MICROSTRIP DISK ANTENNAS 
Microstrip Element 

The structure of the circular disk element is shown in figure 1 . The diam- 
eter of the disk is approximately one-half wavelength in the dielectric. The 
disk is excited by a probe from the back and the center of the disk is shorted 
to the ground plane as described in reference 7. The microstrip disk element 
being considered in this paper is similar to an earlier antenna (ref. 8) except 
that the present disk is excited at only one point. 

Input impedance .- The microstrip disk antenna can be matched from the back 
directly to a 50-ohm transmission line. The input impedance is a function of 
the distance from the feed point to the disk center. The impedance at resonance 
increases from zero at the center to approximately 120 ohms at the disk edge. 

The 50-ohm feed point is one-third of the radius from the center of the disk. 
Figure 2 shows how the return loss (or reflection coefficient) varies as the 
frequency changes. This disk diameter is 1.86 cm on a 0.l6-cm substrate with 
a 2.5 dielectric constant. The return loss when fed from the back at resonance 
is usually less than -25 dB (VSWR < 1.1). 

Resonant frequency . - The microstrip disk antenna can be analyzed by consid- 
ering the radiating disk and the ground plane below it as a dielectric loaded 
resonator with magnetic sidewalls. The resonant frequency (frequency for mini- 
mum VSWR) can then be obtained, to a first approximation, from reference 9 as: 
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( 1 ) 


f 


o 


2TTa^/e7 


where a is the disk radius, Gj, is the substrate dielectric constant, X^m 
is the mth zero of the derivative of the Bessel function of order n, and c is 
the speed of light in a vacuum (c = 3 x 10^ m/sec). For m = 1, 


^n1 


'^1 .8in 
3.054 
^4.201 


(n = 1) 

(n = 2) V 
(n = 3h 


(2) 


The resonant frequency for the lowest order TM mode (transverse magnetic to 
the disk axis) for m = n = 1 is 

fo = ''..• §^1° (3) 

2Tra^/^ 


The calculated frequencies for the prominent resonator modes are shown in 
figure 3. The graph compares the calculated resonator frequencies with the mea- 
sured microstrip disk return loss as a function of frequency from 2 to 10 GHz. 
The data were measured for a microstrip disk antenna with a 4.7-cm diameter on a 
0.l6-cm teflon fiber-glass substrate. The measured resonant frequencies (mini- 
mum return loss) correspond to the m = 1 resonator modes and indicate that 
the microstrip disk antenna can be viewed as a resonator for the purpose of 
selecting the disk size for a specified design frequency. 


The resonant frequency for the TM ^1 1 mode can be calculated more accurately 
by including the influence of the edge fringing fields upon the capacitance of 
the microstrip resonator model. The fringing fields cause the radius of the 
microstrip disk to appear larger at resonance; therefore, the resonant frequency 
for the TM-| -j mode becomes 

f^ = 1.841c ( 4 ) 

2Tiae^ 

where ag is the effective radius of the disk due to the fringing fields and 
ag is dependent upon the thickness of the dielectric substrate. 

Several methods have been devised for calculating the capacitance of micro- 
strip resonators due to fringing fields. (See refs. 10 to 13.) By using the 
results reported in reference 13, a simple algebraic expression for the effec- 
tive disk radius was determined to be 

ag = a\Jl + [2d/(7Ta£p)] (loge [na/(2d)] +-1.7726} (5) 

By substituting equation (5) into equation (4) and defining the wavelength in 
the dielectric substrate as 


Xg = c/(fp^) 


( 6 ) 
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a relationship between the resonant disk radius and the substrate thickness can 
be obtained as 

(a/Xe)2 + (2/iTer.)(aAe)(dAe)[loge (naAg) - logg (2dAe) + 1.7726] 

- (1.841/2tt)2 = 0 (7) 

Transcendental equation (7) is plotted in figure 4 as a function of the 
substrate thickness in wavelength d/X^ for various substrate dielectric 
constants e^. Also shown in figure 4 are some experimental data points for 
= 2.5. The calculated curve for = 2.5 is within the scatter of the 
experimental data for the TM-j -| mode. 

Bandwidth .- The bandwidth of microstrip antenna radiators is determined 
primarily by the dielectric substrate thickness. The -bandwidth is a linear func 
tion of thickness for substrate thickness less than 1/16 wavelength. The mea- 
sured percent bandwidth as a function of substrate thickness is shown in fig- 
ure 5. The data are for antennas with a substrate dielectric constant of 2.5. 

Radiation patterns .- The radiation pattern of a microstrip disk antenna 
operating in the TM-| -| mode is similar to the pattern of an open end circular 
waveguide with TE-|-| mode excitation. Figures 6 and 7 compare the measured 
and calculated E-plane and H-plane patterns of the microstrip and waveguide 
antennas. The microstrip antenna resonates at 5 GHz with a 0.34 wavelength 
diameter on a 0.l6-cm teflon fiber-glass substrate. The antenna is mounted on 
a 10 wavelength square ground plane. The waveguide patterns were calculated 
for a diameter equal to the effective resonant diameter of the disk, that is, 
0.366 wavelength. The calculated circular waveguide patterns include the 
oscillatory variations with angle due to the finite ground plane dimensions. 

This calculation is accomplished by expressing the radiated field as a super- 
position of the field on an infinite ground plane (ref. 14) and the singularly 
diffracted fields from the ground plane edges (ref. 15). 

The circular waveguide aperture model with an infinite ground plane 
(ref. 14) is very often a satisfactory model for array calculations. For the 
aperture in the x,y plane (the raicrostrip disk is also in the x,y plane) and 
polarized in the y-direction, the normalized element pattern in the r,0,c|) spheri 
cal coordinate system is 

g(9,(t)) (8) 

where 


g _ 2 sin 4> J-|(koae sin 9) 


kgSg sin 9 


^(|) 


cos 9 cos (j) Ji'(koag sin 9) 
/knap sin 0\2 

1 - (Afsin — ) 


(9) 


( 10 ) 


6 



The calculated radiation pattern for a circular waveguide aperture with an 
infinite ground plane is shown in figure 8. This model can be used to represent 
the element pattern in the design of microstrip disk antenna arrays. 


Array Considerations 

Many antenna applications cannot be satisfied by a simple antenna element. 
These applications require a combination of several identical antennas to form 
a single antenna array. 

This section examines the factors which have a major influence on the array 
performance. These factors are the spatial distribution of the individual radi- 
ators and their excitation voltage. The general array characteristics are 
obtained from a few simple equations. 

Radiation pattern .- For a planar array of radiating elements in the x,y 
plane (see fig. 9), the radiation pattern is 

E(e,4)) = lg(9,(t)) f(0,(|))| (11) 

where g(0,<t)) is the element radiation pattern and f(0,(l)) is the array factor 
given by (from ref. 16, chap. 5) 

M N 

^ ^ Vjnn expokQj^(m - Dd^ sin 0 cos <}> + (n - 1)dy sin 0 sin ())^ | 
m=1 n=1 ^ ^(12) 

and where is the complex excitation of element (m,n). 

Directivity .- The directivity D(0,<t>) is a measure of the spatial distribu- 
tion of radiated energy. The directivity is defined as the ratio of the power 
density in the 0,({) direction to the average power density radiated, which can be 
found by integrating the radiation pattern over 4 ti steradians, that is, 

0(0,4)) = |g(0,4i) f(9,4>)|^ (13) 

r2ir Ttt ~~ 

(1/4it) I I |g(9,4>) f( 0 , 4>)|2 sin 9 d0 d4> 

•^0 •'0 

Gain and efficiency .- The directivity as given in equation (13) assumes 
that all the energy supplied to the antenna terminals is radiated; however, 
some energy is dissipated or lost within the antenna and feed network. A good 
measure of the performance is the actual gain of the antenna in the direction 
of maximum radiation; that is, 

G(0jn,4)m) “ TiD(0m>4’m^ (14) 


where n is the efficiency of the antenna and feed network. 

Beamwidth .- The beamwidth of the radiation pattern is determined by the 
number of elements, the element spacing, the excitation voltage amplitude dis- 
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tribution, and the element pattern; however, the half-power beamwidth for a long 
linear array with a cosine distribution can be approximated by that of a finite- 
length cosine line source, that is. 


6up = 6fik_8 deg 

(M - 1)dx 


(15) 


The half-power beamwidth for a cosine line source is plotted in figure 10 
as a function of the element spacing for 8, 16, and 32 elements. The line 
source model is not accurate for small arrays. The beamwidth of small micro- 
strip arrays with cosine tapers can be estimated more accurately with the cir- 
cular waveguide array model. The radiation pattern for the waveguide model 
|g(9»<t>) f(9><t>)p was calculated for a 0.366 -wavelength-diameter waveguide on 
an infinite ground plane for 8, 16, and 32 elements (fig. 10), The data begin 
at 0.3^ wavelength spacing although the elements cannot be spaced closer than 
the disk diameter. 


Element spacing .- The spacing between elements determines the location of 
grating lobes and the maximum beam scan angle. If grating lobes are to be 
avoided, the element spacing is restricted to less than one free space wave- 
length. The element spacing in the direction of beam scanning d^ is also 
limited by the largest scan angle 9g of the main beam from the array normal 


dx 


< 


X 

1 + sin (9g 


(16) 


Element excitation .- The complex excitation voltage controls the radiation 
pattern beamwidth, sidelobe level, and beam pointing direction. Each radiating 
element of the antenna (m,n) is excited by a voltage Vnm from the feed network. 

The main beam of the antenna points in a direction that is normal to the 
phase front. The phase front can be adjusted to scan the beam by controlling 
the phase of excitation to each radiating element. The voltage 

applied to each element is 

Vmn = 07) 

where the phase of excitation to element (m,n) is 

ttnin = (m - + (n - 1)\py (18) 

where the excitation phase increments between consecutive columns and rows of 
the array are, respectively, 

ipx = l^o^x ®s ())g (19) 

'J^y = 1 ^ 0 "^y 9s sin 4>s (20) 

where 9g and 4)3 refer to the beam steering directions. 
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Mutual Coupling 


The mutual coupling between radiating elements is the cause of an apparent 
change in the element impedance and element pattern. For example, in a scanning 
phased array, the impedance of each radiating element varies as the main beam is 
scanned. This mismatch affects the level of the radiated power, the shape of 
the radiation pattern, and spurious lobes. In addition, an array that is well 
matched at broadside may have an angle of scan in which most of the power is 
reflected into the feed network. 


In order to describe the effects of mutual coupling, the antenna array is 
represented as an (M times N) port linear system which can be described by a 
scattering matrix. The scattering matrix represents the complex coupling coef- 
ficients between the incident and reflected voltages of each port 







3ii,22 • • 

- 


Vl1 


Sl1,11 

Sl1,12 • 

• • 311^21 

• 3i 1 

V 11 

+ 

Vi2 


S 12, 1 1 

Sl2,12 • 

• • 3i2,21 

Sl2,22 ’ • 

• 3i2,MN 

V 12 

V 21 


S21,11 

321,12 • 

• • 321,21 

321,22 • • 

■ 321, mn 

V 21 

+ 

V 22 


^22,11 

322,12 • 

• • 322,21 

322,22 • • 

• 322, MN 

V 22 

1 

+ 

Vmn 


Smn, 1 1 

3mN,12 • 

• • 3mn,21 

3mN,22 • • 

• 3mn,MN 

VmN 


or, in compact notation 


[V-] = [s][v+] 


( 21 ) 


(22) 


The reflection coefficient of element (m,n) is obtained by dividing 

the reflected voltage by the incident voltage V^, that is. 


M N 

^mn = Sjnn pq (23) 

''mn p=1 q=1 ''mn 

If the main beam is scanned in the direction (6,<1)), the active reflection coeffi 
cient becomes 


M N 


mn 




mn,pq 


p=1 q=1 
X exp 


!pq 

^mn 


|jko[(m - 


p)djj sin 0 cos (|) + (n - q)dy sin 9 sin (j) 


(24) 
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The impedance of each element of the array can then be determined from the 
active reflection coefficient, that is, 


^mn ( 9 » ) 


^ rmn(9,4)) 


( 25 ) 


which results in a variation in impedance due to mutual coupling as the beam is 
scanned away from broadside. 

The excitation voltage of the radiating element (m,n) is 

^mn " ^mn “ ^mn (26) 


or 


^mn “ ^mn n “('mn(9>4>^J (27) 

which shows that the excitation voltage of each element in the array also varies 
with scan due to coupling. 

The effect of mutual coupling on the array radiation manifests itself as a 
change in the radiation pattern of each element. The array radiation pattern 
can be expressed as 

M N 

E(0,<j,) = Z gmn(e,<l))|v;n|e’^°‘"^ 
m=1 n=1 

X exp|jkQ|^(m - 1)dx sin 0 cos <j) + (n - 1)dy sin 0 sin (j)j| (28) 

where the element pattern gnm(9><)5) is the actual radiation pattern taken in 
the array in the presence of all other elements. The element pattern gnm(9>4>) 
also takes into account all coupling effects and mismatches 

” s(9,4>)[^1 ~ ('mn(9»*l*^^ (29) 

where g(9,4)) is the radiation pattern of an isolated element. 

Element patterns .- Figure 11 shows the measured element patterns of a lin- 
ear 8-element array with E-plane coupling. The patterns are measured by excit- 
ing one element and terminating the other seven microstrip elements with 50-ohm 
loads. The patterns show that there are no serious mismatch effects in the 
8-element microstrip array due to mutual coupling. In general, the coupling 
effects are more pronounced in larger arrays. (See ref. 17.) The dominant 
ripple in the patterns of figure 11 is caused by diffraction from the finite 
ground plane edges. 

Mutual coupling coefficients .- The scattering matrix method of determining 
the variation in the reflection coefficient requires that each mutual coupling 
coefficient be determined. The mutual coupling coefficients pq may be 

measured by exciting one element and terminating each of the other elements in 
matched loads. (See ref. 18.) The ratio of the induced voltage at element 
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(m,n) to the excitation voltage at element (p,q) gives the amplitude and phase 
of the coupling coefficient Sjnn pq* Once these coefficients are determined, 
they may be substituted into equations (24) and (28) to determine the mismatch 
and radiation patterns for any amplitude and phase excitation of the array. 

Figure 12 shows measured complex coupling coefficients for an 8-element 
microstrip array. The end element was excited with the other elements termi- 
nated and a swept frequency network analyzer was used to measure the RF coupling 
to each element. A complete description of the effects of mutual coupling for 
the 8-element array requires the measurement of 64 coupling coefficients (coup- 
ling between each pair combination of the array). 

Two-element coupling .- If the mutual impedance for each pair combination 
of the array is known, the scattering matrix for the entire array can be 
determined : 

[S] = [[I] + [z]][[l] - [Z]]*’’ (30) 

where [l] is the identity matrix, [7,j is the complex impedance matrix, and 
[ indicates matrix inversion. 

Each component of the MN by MN impedance matrix is determined by first 
measuring the mutual coupling of two elements out of the array, although in the 
same relative position and orientation as the corresponding pair of elements in 
the array. The mutual impedance for the pair is then found from the 2x2 matrix 
relation: 

[Z]2x2 = [W2x2 + Cs]2x 2] [l-ll2x2 ~ Cs]2x2] ^ (31) 

The 2-element mutual coupling coefficients were measured for various spac- 
ings and orientations on a large ground plane. The elements were constructed on 
two separate teflon fiber-glass laminates and then mounted together on a large 
flat ground plane. The separation between the elements was varied by mounting 
teflon fiber-glass spacers of various widths between the coupled antennas as 
illustrated in figure 13. 

The coupling was measured over a swept frequency range of 4.5 to 6.5 GHz 
with a microwave network analyzer. A typical graph of these data is shown in 
figure 14. The elements resonated at 5.5 GHz with less than -25-dB return loss. 
The maximum coupling occurs at resonance and decreases rapidly as the antennas 
become mismatched off resonance. 

The mutual coupling as a function of the spacing between disk centers is 
shown in figures 15 and 16. These data are for antennas at resonance with maxi- 
mum coupling. The H-plane coupling amplitude decreases rapidly as the spacing 
increases. However, the E-plane coupling amplitude decreases more slowly and 
appears to couple by means of a surface wave propagating in the lowest order 
TMq mode . The presence of other elements in an array will influence the sur- 
face wave velocity, extract power from the surface wave, and change the coupling 
between two elements of the array due to mutual array element interaction and 
scattering. This phenomenon is shown in figures 15 and 16 by comparing the mea- 
surements for two elements with those of the 8-element array. 
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Coupling coefficient calculation .- The array designer may require mutual 
coupling data for many orientations and spacings; therefore, a theoretical 
method of estimating coupling is described. The currents on the microstrip 
disk antennas are postulated to be similar to the electric field distribution 
for the TE-|i circular waveguide mode. Therefore, the dual problem of coupling 
between dielectric-filled and covered circular waveguide-fed apertures was used 
to predict the coupling between the microstrip disks. 


A computer program has been developed to calculate the self and mutual 
admittance of dielectric-filled circular waveguide-fed apertures covered by 
dielectric layers. (See ref. 17.) By using these calculated self and mutual 
admittances to form the complex admittance matrix [Y] , the coupling coefficients 
for the microstrip disk array can be estimated as 


[S] = [[Yo] - [Y]][[Yo] + [yT 


-1 


(32) 


where [Yq] is a diagonal matrix whose components are the waveguide characteris- 
tic admittance. 


Figure 17 shows a comparison of the calculated waveguide coupling with the 
measured microstrip disk coupling data. The dielectric constant of the material 
inside the waveguide and of the dielectric cover is the same as that of the 
microstrip substrate material (e^ = 2.5). The microstrip disk substrate is the 
same thickness as the aperture dielectric cover and the waveguide diameter is 
the same as the diameter of the microstrip disk. Since the disk antenna is well 
matched at resonance and the coupling is maximum at this frequency, the computer 
program was modified to tune each waveguide so that the calculated coupling is 
also maximized. This modification is accomplished by setting the self admit- 
tance of each waveguide aperture equal to the waveguide characteristic 
admittance . 


The E-plane calculations predict the high level of coupling for large spac- 
ings. However, the H-plane calculations are approximately 4 dB lower than the 
measured levels of coupling. The waveguide calculations estimate the coupling 
within 1 dB as the orientation angle varies from 0° to 55° as shown in figure 18. 
The graph is normalized to the level of E-plane coupling (]) = 0. The data in 
figure 18 were measured at resonance with a spacing of 2.3 wavelengths. 


Design Procedure 

A recommended procedure for the electrical design of microstrip disk antenna 
arrays is 

(1) With the operating bandwidth and center frequency specified, the sub- 
strate thickness is selected from figure 5. For economical reasons, a commer- 
cially available stock thickness slightly greater than that dictated by fig- 
ure 5 should be selected. Actually, some overdesign at this stage is advisable 
in order to insure that the bandwidth requirement will be met, 

(2) Either equation (7) or the curves in figure 4 are used to obtain the 
disk size for resonance at the center operating frequency. At this stage it is 
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advisable to construct and test a single element to verify that the resonant 
frequency and bandwidth requirements are met; if not, a slight frequency scaling 
of the disk size should center the resonant frequency. 

(3) The circular waveguide radius for radiation pattern and mutual coupling 
calculations is obtained from equation (5). 

(^) The number of elements, amplitude excitation distribution, and element 
spacing to satisfy the beamwidth and sidelobe requirements are determined from 
pattern calculations of the waveguide array model. For cosine amplitude Butler 
matrix excitation, the data in figure 10 can be used to determine the required 
number of elements and element spacing. The maximum element spacing to avoid 
grating lobes is restricted by equation (16). 

(5) If the main beam is to point in a direction other than normal to the 
array, the phase excitation distribution is determined by equation ( 18 ). 

(6) By using the initial array parameters, the effects of mutual coupling 
upon the input impedance and radiation pattern of the microstrip disk array are 
calculated from the waveguide array model. If significant effects are noted, 
the amplitude and phase excitation coefficients should be adjusted to compensate 
for mutual coupling. 


DEMONSTRATION ARRAYS 

This section describes the performance of two C-band (5.5 GHz) arrays that 
were designed to demonstrate the theory and design methods described in the pre- 
vious section. Microstrip disk radiating elements and stripline Butler matrix 
feed networks using a cosine amplitude excitation were used for the demonstra- 
tion arrays. A linear array (fig. 19) was designed to produce a 20° by 85° half- 
power beamwidth linearly polarized fan beam broadside radiation pattern, and a 
planar array (fig. 20) was designed to produce a 20° by 20° half-power beamwidth 
linearly polarized pencil beam broadside radiation pattern. Design information 
is also provided so that a scanning beam feed network could be included later in 
place of the broadside beam network. 


Array Description 

The 20° half-power beamwidth is obtained from an 8-element array with a 
cosine-on-a-pedestal amplitude distribution and an element spacing of 0.42X. 
The amplitude excitation coefficients (normalized to the array input) are 


Cosine distribution 


Cosine distribution 

Element number 

Amplitude, dB 


Element number 

Amplitude, dB 

1 

-20.17 


5 

-6.15 

2 

-11.09 


6 

-7.58 

3 

-7.58 


7 

-11.09 

4 

-6.15 


8 

-20.17 
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A cross section of the array configuration is shown in figure 21. The 
radiating elements are copper disks on a copper-clad dielectric sheet. Each 
element is fed from the back by a stripline feed network bonded to the array. 

All radiators are connected through the feed network to a single common connec- 
tor on the back side. 

Dual copper-clad teflon fiber-glass laminates 0.16 cm thick are used for 
the microstrip antennas and the feed networks. The laminate is constructed from 
layers of glass cloth which have been impregnated with teflon. The laminate has 
a dielectric constant of 2.il8 ± 0.04 and a dissipation factor of 0.002. 


Feed Network 

There are many feed network circuits which can produce a cosine amplitude 
excitation. For example, the sidelobe reducing cosine amplitude excitation may 
be obtained by using re'sistive or reactive attenuators. These feed network 
attenuators are placed in the transmission line to each array radiating element; 
however, for a cosine distribution using attenuators, one-half of the power 
would be lost in the feed system. 

A sidelobe reducing network with a cosine amplitude excitation can also be 
implemented without attenuators. A circuit of this type is the "lossless" Butler 
factorial matrix. (See ref. 19.) This network produces a cosine distribution 
utilizing 3-dB hybrid branchline couplers and fixed phase shifters, as shown 
schematically in figure 22. The Butler matrix produces two uniform excitations: 
the first one with a phase change of positive n and the second one with a 
phase change of negative tt. The linear superposition of these two excitations 
results in a cosine amplitude distribution and the resulting phase distribution 
produces a broadside beam. 

The 64-element array is fed with the 8-element matrix described. Each 
matrix feeds a row of 8 microstrip disks and another network feeds each of the 
8 rows (fig. 23). This combination of networks results in a pencil beam radia- 
tion pattern, whereas the single 8-element matrix produces a fan beam. 

Stripline network .- The feed network can be implemented from many different 
types of transmission lines: stripline, coaxial, waveguide, and microstrip. The 

design for this project utilizes stripline transmission networks. Stripline has 
the advantage of being compact in size compared with coaxial and waveguide trans- 
mission lines. Stripline circuits were preferred for this application instead 
of microstrip to avoid radiation from unshielded lines. 

Many applications use microstrip feed lines etched on the same laminate as 
the microstrip radiating elements. However j radiation from these microstrip 
feed lines may have an appreciable effect on the total radiation pattern of the 
array. For example, unpublished calculations made by P. K. Agrawal of George 
Washington University show that a microstrip 3-dB branchline coupler can radiate 
14 percent of the input power. 

Four branchline 3-dB hybrid directional couplers are required in the cosine 
Butler matrix feed network. Several individual hybrid couplers were constructed 
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to determine the effects of dimensional tolerances and packaging techniques 
(fig. 24). Figure 25 shows the amplitude and phase of the transmission' through 
the hybrid coupler. 

Figure 26 shows the center copper conductor of the stripline cosine Butler 
matrix feed network. The measured output amplitude and phase distributions of 
the network are given in figures 27 and 28. Figure 29 shows the calculated out- 
put of the phase shifters and hybrid network combination as a function of phase 
shift for this physical circuit configuration. 

Seven stripline three-port power dividers are used in this circuit. These 
power dividers are simple to fabricate; however, they cannot be matched in all 
three ports simultaneously. Minor circuit discontinuities and the mismatched 
power dividers result in sidelobes which are higher than -23 dB. 

Four-port power dividers (ref. 20) will improve the electrical performance 
at the expense of greater assembly complexity and cost. The four-port network 
requires that external resistors or resistive film be added to the stripline 
package. 

Stripline packaging .- The stripline package consists of two copper-clad 
laminates (fig. 30). The entire assembly is secured with a film fusion bonding 
process; therefore, rivets are not necessary to hold the assembly together 
except as needed for mode suppression and shielding. Mode suppression is 
required for broadwall launching connections with less than 1/8 wavelength 
spacing between the rivets. The stripline is self shielding; thus, many of 
the rivets installed in the early networks were later eliminated (fig. 31 ). 


Beam Scanning 

A possible circuit to implement a scanning system is the Butler factorial 
digital phase switching matrix shown schematically in figure 32. The network 
produces seven scanned beams with -23-dB sidelobes. The seven progressive phase 
distributions and cosine amplitude distributions are the’ result of the superposi- 
tion of eight uniform amplitude distributions and linear phase distributions. 
Superposition and scanning is accomplished by switching in adjacent uniformly 
excited beams . 

The far-field patterns for this network were calculated by using the wave- 
guide aperture model for the radiating element pattern. An H-plane scanning 
array produces the patterns in figure 33, and the E-plane scanning array pro- 
duces the patterns in figure 34. 

There will be a number of variables to be considered in the design of the 
scanning array. For example, one consideration is the large scan angle grating 
lobes which begin to appear for a 0.5 wavelength spacing as in figure 34. For 
the same scan angle, a 0.42 wavelength element spacing will decrease the effect 
of the grating lobe; however, the half-power beamwidth of the main lobe will 
increase. A good design would consider the tradeoff between limited scanning, 
element spacing, and beamwidth. 
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Radio Frequency Performance Characteristics 

This section compares the measured RF performance of the microstrip disk 
and the low sidelobe linear and planar microstrip arrays. The three experimen- 
tal C-band antennas considered were: 

(1) The circular disk microstrip antenna 

(2) The 8-element linear microstrip array with a Butler matrix feed 

network 

(3) The 64-element planar microstrip array with a Butler matrix feed 

network 

The measured performance of each antenna is summarized in table I. 

A complete description of the far-field radiation requires intensity mea- 
surements over the entire sphere of polar coordinate aspect angles, 4tt steradi- 
ans . Each linearly polarized test antenna was measured in an indoor anechoic 
test range using a circularly polarized horn to illuminate the test antenna in 
order to avoid the polarization mismatch problem when making measurements over 
a complete sphere. Figure 35 shows the 64-element array mounted on a pedestal 
in the antenna test facility. The antenna rotation is controlled from the cham- 
ber console (fig. 36), and the data are recorded on magnetic tape. 

The antenna patterns are recorded in 2° increments in both 0 and (]) ; 6 

is increased in 2° increments from 0° to 180° as (j) varies continuously from 0° 
to 360°. A complete recording consists of 91 scans with a total of I 638 O data 
points . 

Directivity .- The radiation pattern data are integrated over 4ir steradians 
to determine the antenna's directivity. The maximum directivity at the beam 
peak increases with frequency as shown in figure 37 for each test antenna. 

Volumetric patterns .- The recorded radiation pattern at a given frequency 
is displayed as a volumetric false color plot in which the directivity values 
that fall within specified ranges are assigned a color. The computer-generated 
false color plots are displayed on a television screen and then photographed to 
provide a single volumetric pattern. 

The volumetric patterns are presented in two forms. The first presentation 
(figs. 38 to 40) displays the directivity values relative to an isotropic radia- 
tor as shades of gray within seven ranges: ^0 dBi, ^-3 dBi, ^-6 dBi, ^10 dBi, 
k-15 dBi, ^-20 dBi, and <-20 dBi. The second presentation (figs. 41 to 43) dis- 
plays the directivity values relative to the peak of the main beam instead of 
relative to isotropic directivity. The normalized directivity levels relative 
to the beam peak are (0 to -3 dB) , (-3 to -6 dB) , (-6 to -10 dB) , (-10 to 
-15 dB) , (-15 to -20 dB) , (-20 to -25 dB) , and (<-25 dB) . The lightest shade 
of grey in figures 4l , 42, and 43 represents the half -power beamwidth for each 
antenna. 
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Principal plane patterns .- Comprehensive pattern surveys are often neces- 
sary; however, for many applications it is possible to obtain sufficient infor- 
mation with pattern measurements in the principal (E and H) planes. In order 
to measure the co-polarized and cross-polarized components, a linearly polarized 
transmitting horn was used to illuminate the test antennas in the anechoic test 
range. The principal plane patterns for the three test antennas are given in 
figures 44 to 46 . 

Sidelobes .- The sidelobe structure for each array varies with frequency as 
observed in figures 47 and 48 . The first sidelobe level plotted against fre- 
quency from these patterns is shown in figure 49 from 5.0 to 6.0 GHz. The side- 
lobe level varies from -20 to -23.5 dB in the frequency range of 5.3 to 5.8 GHz. 
The level varies principally because of errors in the amplitude and phase of the 
excitation from the stripline feed network. 

Gain and efficiency .- The gain of each antenna relative to the gain of an 
isotropic radiator was measured with a swept frequency receiver using a standard 
gain horn as a reference. The gain and directivity are compared in figure 37 
from 5.0 to 6.0 GHz. The efficiency of the antenna can be determined from the 
ratio of the gain and directivity at the peak of the main lobe. The maximum 
efficiencies at 5.5 GHz for the single microstrip element, 8-element array, and 
64-element array are 79 percent, 78 percent, and 69 percent, respectively. 

These efficiencies include the losses in the feed networks for each antenna. 

Impedance .- The measurement of impedance is made at the single input port 
of each antenna system with a swept frequency network analyzer (fig. 50). The 
network analyzer characterizes the antenna in terms of the complex small-signal 
scattering parameters as a function of frequency. The scattering parameters 
determine the magnitude and phase of the reflection coefficient which is dis- 
played on a Smith chart in figures 51 to 53. The scattering parameters and the 
Smith chart are normalized to a 50-ohm characteristic impedance. 

Bandwidth .- The measured 3:1 VSWR bandwidths at 5.5 GHz for the single 
element, 8-element linear array, and 64-element planar array are 7.5 percent, 

8 percent, and 2 percent, respectively. 


CONCLUDING REMARKS 

Design data was presented for microstrip elements and arrays including the 
mutual interaction between elements and the stripline feed network design for a 
cosine amplitude excitation distribution. Utilizing this design data, two 
C-band low sidelobe arrays were fabricated and tested: an 8-element linear and 

a 64-element planar array. These arrays incorporated stripline Butler matrix 
feed networks to produce a low sidelobe broadside beam. 

Good agreement was obtained between the measured and calculated radiation 
patterns including the half-power beamwidth and the sidelobes. The sidelobes 
were designed for a -23-dB level. The measured sidelobes for both arrays were 
less than -20 dB for an 11-percent bandwidth. 
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The performance of the low sidelobe broadside beam arrays indicates that 
a low sidelobe scanning array utilizing the Butler factorial digital phase 
switching matrix will be practical to implement. 

The design data in this paper do not include the effects of adding a 
thermal protective cover to the array. However, preliminary data indicate that 
for dielectric covers less than 1/16 wavelength, the general effects upon the 
performance of a single microstrip element are an additional decrease of the 
resonant frequency of less than 2 percent and an additional increase in band- 
width of up to 2 percent. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
December 12, 1977 
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TABLE I.- SUMMARY OF RADIO FREQUENCY PERFORMANCE 



Microstrip 

disk 

8-element 
linear array 

64-element 
planar array 

3-dB beamwidth: 




E-plane , deg 

110 

20 

19 

H-plane, deg 

85 

83 

20 

First si delobe level: 

E-plane, dB 


-20.5 

-22.5 

H— nl anp . HR 




-20.0 




Directivity, dB 

7.6 

13.5 

20.2 

Gain, dB 

6.6 

. 12.4 

18.6 

Efficiency, percent 

79 

78 

69 

Bandwidth (VSWR < 3:1), percent . . , 

7.5 

8 

2 




Copper ground plane 



Figure 1.- Microstrip disk antenna fed from back. 
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11 21 31 41 51 61 

Calculated resonator modes 


Figure 3-- Input return loss characteristics and calculated resonator modes 
for a 4 .7-cm-diameter microstrip disk on a 0 . l6-cm-thick substrate. 




rostrip disk antenna as a function of 


/elengths for = 2.5. 





350 

10 


0 


10 

350 ‘ 



Figure 6.- E-plane pattern of a 5-GHz microstrip disk antenna 

on a 62-cm ground plane. 
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Figure 7.- H-plane pattern of a 5-GHz microstrip disk antenna 

on a 62-cm ground plane. 
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ground plane. 
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12 3 4 



0.42 wavelength element spacing 
Frequency = 5. 5 GHz 




Figure 11.- E-plane element patterns for an 8-element linear array with 
1 element excited and other 7 elements terminated. 
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DIELECTRIC 



Figure 13.- Cross section of coupled disk antennas. 
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E-plane coupling, dB 


Calculated circular waveguide - fed 

aperture coupling 


• ••• Measured microstrip disk coupling 



-30 -20 -10 0 

H -plane coupling, dB 

Figure 18,- Comparison of calculated and measured mutual coupling as 

a function of orientation. 
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Figure 19.- The 8-element linear microstrip disk array. 






-element planar microstrip disk array. 
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Cosine Butler matrix network 



















L-77-390 


Figure 24.- Center copper conductor of a stripline 3-dB 90° branchline 

hybrid coupler. 
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Measured transmission amplitude of stripline Butler matrix 










Output phase, deg Output amplitude, dB 



10 ° 30 ° 50 ° 70 ° 90 ° 110 ° 

Phase shift, , deg 


Figure 29.- Calculated outputs of hybrid and phase shifter combination. 
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ement microstrip array. 
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8-element stripline feed network package. 
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Figure 32.- Switching network for addition of 8 uniformly illuminated beams 

to form 7 cosine illuminated beams. 
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0.42 wavelength element spacing 

Figure 33.- Calculated H-plane scanning radiation patterns for a 64-element 

planar array with cosine illumination. 



Figure 3^.- Calculated E-plane scanning radiation patterns for a 64-element 

planar array with cosine illumination. 
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Figure 35.- The 64-element array mounted in anechoic test chamber. 
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Figure 36.- Anechoic chamber operating console. 




Directivity 



Figure 37.- Gain and directivity as a function of frequency for single element 
8-element linear array, and the 64-element planar array. 
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Figure 39.- Measured volumetric directivity pattern of an 8-element microstrip 
disk linear array relative to an isotropic radiator. 
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Figure 41.- Measured volumetric radiation pattern of a microstrip disk 

normalized to beam peak. 
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Figure 42.- Measured volumetric radiation pattern of an 8-element microstrip 
disk linear array normalized to beam peak. 




Directivity levels, dB : 
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Figure 43.- Measured volumetric radiation pattern of a 64-element microstrip 
disk planar array normalized to beam peak. 





Figure 4^4.- Principal plane radiation patterns for a microstrip disk on a 

0.6-m ground plane at 5.5 GHz. 
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Figure 46.- Principal plane radiation patterns for a 64-element microstrip 
disk planar array on a 0.3-m ground plane at 5.35 GHz. 
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Figure 47.- E-plane radiation patterns for 8-element linear array. 
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Figure 48.- Concluded 



Figure 49.- Sidelobe level as a function of frequency. 
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Figure 50.- Network analyzer measurement system. 







Figure 51 •- 


Measured impedance of a 


microstrip disk. 
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